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comparison study using two diesel particulate sources 
Abstract 
Diesel engines have been a mainstay within many industries since the early 1900s. Exposure to diesel 
particulate matter (DPM) is a major issue in many industrial workplaces given the potential for serious 
health impacts to exposed workers; including the potential for lung cancer and adverse irritant and 
cardiovascular effects. Personal respiratory protective devices are an accepted safety measure to 
mitigate worker exposure against the potentially damaging health impacts of DPM. To be protective, they 
need to act as effective filters against carbon and other particulates. In Australia, the filtering efficiency of 
respiratory protective devices is determined by challenging test filter media with aerosolised sodium 
chloride to determine penetration at designated flow rates. The methodology outlined in AS/NZS1716 
(Standards Australia International Ltd and Standards New Zealand 2012. Respiratory protective devices. 
Sydney/Wellington: SAI Global Limited/Standards New Zealand) does not account for the differences 
between characteristics of workplace contaminants like DPM and sodium chloride such as structure, 
composition, and particle size. This study examined filtering efficiency for three commonly used AS/NZS 
certified respirator filter models, challenging them with two types of diesel emissions; those from a diesel 
generator and a diesel engine. Penetration through the filter media of elemental carbon (EC), total carbon 
(TC), and total suspended particulate (TSP) was calculated. Results indicate that filtering efficiency 
assumed by P2 certification in Australia was achieved for two of the three respirator models for DPM 
generated using the small diesel generator, whilst when the larger diesel engine was used, filtering 
efficiency requirements were met for all three filter models. These results suggest that the testing 
methodology specified for certification of personal respiratory protective devices by Standards Australia 
may not ensure adequate protection for respirator users against DPM under all circumstances of diesel 
generated particles. 
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Diesel engines have been a mainstay within many industries since the early 1900s. Exposure to 
diesel particulate matter (DPM) is a major issue in many industrial workplaces given the 
potential for serious health impacts to exposed workers; including the potential for lung cancer 
and adverse irritant and cardiovascular effects. Personal respiratory protective devices are an 
accepted safety measure to mitigate worker exposure against the potentially damaging health 
impacts of DPM. To be protective they need to act as effective filters against carbon and other 
particulates. 
 
In Australia, the filtering efficiency of respiratory protective devices is determined by 
challenging test filter media with aerosolised sodium chloride to determine penetration at 
designated flow rates. The methodology outlined in AS/NZS1716 (Standards Australia 
International Ltd and Standards New Zealand 2012) does not account for the differences 
between characteristics of workplace contaminants like DPM and sodium chloride such as 
structure, composition and particle size. 
 
This study examined filtering efficiency for three commonly used AS/NZS certified respirator 
filter models, challenging them with two types of diesel emissions; those from a diesel generator 
and a diesel engine. Penetration through the filter media of elemental carbon (EC), Total Carbon 
(TC) and Total Suspended Particulate (TSP) was calculated. Results indicate that filtering 
efficiency assumed by P2 certification in Australia was achieved for two of the three respirator 
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models for DPM generated using the small diesel generator, whilst when the larger diesel 
engine was used, filtering efficiency requirements were met for all three filter models. These 
results suggest that the testing methodology specified for certification of personal respiratory 
protective devices by Standards Australia may not ensure adequate protection for respirator 
users against DPM under all circumstances of diesel generated particles.  
 
Keywords: filter, diesel particulate matter, respirator, filtering efficiency, elemental carbon, 




Worker respiratory exposure to diesel engine exhaust emissions occurs in a variety of 
contemporary workplaces and environmentally via exposure to polluted air. These emissions are 
known to cause irritant effects and are classified as human carcinogens (World Health 
Organisation 2013). They are also epidemiologically associated with an increase in 
cardiovascular mortality and morbidity (Brook et al. 2010).  Respiratory protective devices are a 
control to mitigate exposure of workers to Diesel Particulate Matter (DPM), the particulate 
fraction of diesel engine emissions, when higher order source controls are not sufficiently 
protective (Cherrie 2009). 
 
The sodium chloride challenge aerosol used for certification testing is different to DPM, the 
target contaminant for which protection is being sought. Standards Australia (Standards 
Australia International Ltd and Standards New Zealand 2012) specifies sodium chloride (NaCl), 
whilst European Norm (EN) standards use both NaCl and  Paraffin oil (CEN 2001). The US 
National Institute of Occupational Safety and Health (NIOSH) standard recognizes different 
challenge aerosols will have differing effects on respirator filter media, and incorporates a rating 
scheme which distinguishes between oil based (P and R rated filters) and non-oil based (N rated 
filters) contaminants. For oil based contaminants like DPM, di-octyl phthalate is the aerosol 
used to test filter penetration in recognition that these residues are more degrading (Code of 
Federal Regulations 1995). Standards Australia have recently released an International 
Standards Organisation (ISO) standard for determination of filter penetration (Standards 
Australia Limited 2015), recommending NaCl or Paraffin Oil as the challenge aerosols for 
certification testing. 
 
The use of a surrogate challenge aerosol assumes that it adequately represents the target 
contaminant. However, DPM differs from NaCl in chemical structure, particle size and 
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morphology. Sodium chloride particles are either single crystals or compact agglomerations of 
crystals (Cho et al. 2011) whilst DPM has various spherical and agglomerated particles (Davies 
and Rogers 2004). These variations may have the potential to cause differences in the filtration 
mechanisms and hence degree of penetration through the filter media. Other factors including 
particle size, face velocity and charge state of the aerosol and filter media will also impact on 
the measured penetration (Hinds 2012). 
 
The differences between the challenge aerosol and target contaminant were considered by 
Penconek, Drążyk & Moskal (2013) who evaluated EN certified half masks against DPM and 
reported that DPM was more penetrating than the standard challenge particles of NaCl and 
paraffin oil. The study reports that filtering efficiency of DPM by mass did not meet the EN 
standards set for certification, with 11-16 % of particles measured as penetrating the FFP2 
filters and 14-25 % penetration of particles for the FFP3 filters. The finding that penetration for 
FFP3 filters was higher than FFP2 filters is counter intuitive and it is unclear whether use of 
gravimetric load on the respirator filter to evaluate penetration, which is not specific to DPM, 
may have contributed to the high penetration levels measured.  
 
Janssen and Bidwell (2006) evaluated the performance of NIOSH certified electret filters by 
exposing them to DPM and found that while P95 and R95 filters met filtering efficiency 
certification requirements, N95 filters did not. However N95 filters are not rated for use against 
DPM in the US, on the basis that oily residues are more degrading (Code of Federal Regulations 
1995). The study measured DPM penetration by Elemental Carbon (EC) and found EC was less 
penetrating than the standard challenge aerosol, DOP. 
 
For both of these studies, testing was conducted at flow rates lower than those specified in the 
relevant EN / NIOSH standards protocols, with the Penconek study using a flow rate of 
30L/min compared with the test protocol of 95L/min whilst Janssen and Bidwell evaluated the 
filters at 25L/min, compared with 85L/min, although whether these were single or dual filters 
was not specified (CEN 2000; Code of Federal Regulations 1995). An increase in flow rate 
corresponded to an increase in filter penetration in various studies (Eshbaugh et al. 2009; 
Eninger et al. 2008; Balazy et al. 2006), hence penetration reported in the Janssen and Penconek 
studies would potentially be lower than penetration measured if the study was conducted at the 
standard specified flow rates.  
 
In summary, the reviewed literature suggests that the current Australian test protocol may show 
lower filtering efficiency for some P2 respirators, when exposed to DPM, potentially resulting 
in unsafe worker exposure. The Standards Australia certification requirement for P2 filters is 
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that penetration shall not exceed 6% (i.e. filtering efficiency shall exceed 94%) (Standards 
Australia International Ltd and Standards New Zealand 2012). Evaluation of the filtering 
efficiency of respiratory protective devices supplied in Australia has not been conducted using 
DPM as the challenge aerosol. In order to address this gap, this study aimed to determine 
whether Standards Australia certified respirator filter media effectively filters out DPM. 
 
Materials and Methods 
 
Given the complex composition of DPM and the varying physical and chemical characteristics, 
there are a variety of exposure assessment methods currently employed. Elemental Carbon, a 
major constituent of the particulate mass, can be quantified at low levels and in most 
workplaces the source is diesel emissions (Birch and Cary 1996; Bunn et al. 2002; Liukonen, 
Grogan, and Myers 2002). It has been linked to potential adverse health outcomes (Rohr and 
Wyzga 2012) and has a recommended workplace limit in some jurisdictions based on 
minimizing adverse health outcomes (NSW Department of Primary Industries 2008; AIOH 
2013), hence it currently remains a preferred marker of DPM exposure. 
 
The study involved developing an in vitro methodology based on the protocol for testing 
filtering efficiency of particulate filters outlined in AS/NZS 1716 Appendix I (Standards 
Australia International Ltd and Standards New Zealand 2012) and International Standards 
ISO16900-3 Part 3: Determination of Particle Filter Penetration (ISO 2012) using DPM in place 
of sodium chloride as the challenge aerosol. The sampling methodology required the use of a 
purpose built experimental chamber (Figure 1). 
 
Respirator filter media were selected from Standards Australia certified filters currently used in 
Australian workplaces to protect workers from exposure to DPM. These included P2 designated 
filter models (9923V and 1320V) and a P3 designated filter model classified as a P2 when used 
in a half face piece respirator (SR510). The three filter models included electret and mechanical 
type filter media and were from different respirator manufacturers. 
 
A 6kVA portable generator powered by a 1 cylinder air cooled diesel engine was used to 
generate diesel emissions in Study 1 (Figure 2), with two 2000W heaters at high setting placing 
a 100% load on the generator (Davies 2013). Study 2 (Figure 3) used a Perkins 1104C-44 Diesel 
engine (4.4 litres / non turbo /Rated 85.8 BHP @ 2400 (rev/min Current Exhaust outlet ID, 
75mm)) at 25% load. 
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Exhaust emissions were directed into the experimental chamber and cooled to 23±3ºC. The 
respirator filters were mounted inside the chamber via an adapter with a DIN thread for the P2 
filters and a custom adapter for the P3 filter (Figure 4). The exhalation valves of the P2 filters 
were sealed as was the filter onto the adapter. Leak checks confirmed the integrity of the seals. 
 
Diesel emissions were drawn through the respirator filter, with flow through the respirator filter 
adjusted to 95 ± 5L/min, the upper standard designated flow rate (Standards Australia 
International Ltd and Standards New Zealand 2012), measured using TSI 4040 flowmeters. 
Sampling for EC was conducted using NIOSH Method 5040 with SKC AirChek pumps drawing 
air through SKC225-401 37mm preloaded 3 piece cassettes at approximately 5L/min, as 
measured using a calibrated BIOS Defender (NIOSH 2003). DPM was collected simultaneously 
before and after the respirator filter. Analysis for EC and TC was conducted by external 
laboratories using a thermal-optical method, in accordance with NIOSH 5040 (NIOSH 2003). 
 
Three to five replicate tests were conducted, for two consecutive 30 minute samples. This total 
one hour sample period was considered to be representative of the time that a worker may 
reasonably use a respirator in a workplace environment without removal and is recommended 
by the UK HSE as the maximum continuous wear time for workers (HSE 2013).  Total 
suspended particulate (TSP) was measured pre and post filter in real time with a calibrated TSI 
Model 8520 DustTrakTM Aerosol Monitor, at a flow rate of 1.7L/min. This allowed penetration 
by TSP to be calculated during the sampling period, as an indicative result, given the collected 
samples were sent for further analysis.   
 
The DustTrakTM was zeroed at the beginning of each sampling day and checked periodically 
throughout the sampling. Prior to samples being collected the pre and post filter DustTrakTM 
measurements were compared, to confirm that the pre and post filter sampling lines were giving 
comparable results and there was no systematic bias between the top and bottom sample port. 
Used respirators were retained and evaluated post sampling to ensure the integrity of the seal to 
the adapter and exhalation valve.  
 
The airborne concentration of EC and Total Carbon (TC) was calculated using the analytical 
results and the equation described in NIOSH 5040 (NIOSH 2003). Penetration, a measure of 
filtering efficiency, was calculated using the equation: 
 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃  =
𝐸𝐸 (𝑃𝑃 𝑇𝐸 𝑃𝑃 𝑇𝑇𝑃) 𝑚𝑃𝑎𝑎 𝑐𝑃𝑃𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑎𝑃𝑃𝑃 𝑎𝑃𝑓𝑃𝑃𝑃
𝐸𝐸 (𝑃𝑃 𝑇𝐸 𝑃𝑃 𝑇𝑇𝑃) 𝑚𝑃𝑎𝑎 𝑐𝑃𝑃𝑐𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑏𝑃𝑎𝑃𝑃𝑃 𝑎𝑃𝑓𝑃𝑃𝑃
  𝑥 100% 
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Microsoft Excel 2013 (Microsoft Corporation) was used to collate the data obtained during the 
study and calculate the airborne concentrations and percentage penetration. SPSS Statistics 
Version 22 (IBM) was used for further analysis of the data. Box plots allowed identification of 
outliers which were reviewed to check for errors in data entry or processing, these outliers were 
determined to be valid and were used in further analysis. The Shapiro Wilk test (Shapiro and 
Wilk 1965) was used to compare the data, results were most consistent with a normal 
distribution.  
 
RESULTS AND DISCUSSION 
 
Paired pre and post filter samples were collected for the three respirator filter models. The filter 
samples were inspected and compared visually prior to analysis. In Study 1, slight 
discolouration was evident for the 9923V samples collected between 0-30 minutes and 1320V 
samples between 30-60 minutes, with the discolouration increasing for the 9923V filter between 
30 and 60 minutes. There was no observable discolouration for the 1320V filter between 0 and 
30 minutes, nor the SR510 filter for either sampling period. In Study 2 there was minimal 
observable discoloration. These visual observations could indicate penetration of DPM through 
the filter media for some of the filters and sampling periods, although it could also be due to 
discolouration by the vapour phase component of the emissions. 
 
Each of the consecutive 30 minute sample results were summed for the dependent variables of 
EC, TC and TSP to determine the time-weighted-average concentration over the 60 minute 
exposure period and subsequently the percentage of EC, TC and TSP penetration through the 
filter media. The results were compared to the Standards Australia certification requirement for 
P2 filters of 6% penetration (Standards Australia International Ltd and Standards New Zealand 
2012). 
 
A number of results were below the detection limit and for some the total weight was less than 
zero after subtracting the blank result. These results were substituted with a value of 0.85µg, 
half of the limit of detection (NIOSH 2003). Given the low number of samples, this substitution 
method was considered to represent those sampling results most appropriately for the purposes 
of the study (Bullock, Ignacio, and American Industrial Hygiene Association Exposure 
Assessment Strategies Committee 2006). 
 
Results for Study 1 and 2 are summarized in Table 1. When the mean value and 95% Upper 
Confidence Level (UCL) was considered, for the filters challenged with diesel emissions from 
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the small diesel generator in Study 1, the 9923V filter exceeded 6% penetration, however the 
1320V and SR510 filter models did not. In Study 2, the mean and UCL’s were all below 6% 
penetration therefore all filter models tested met filtering efficiency requirements for P2 filters. 
 
A one-way repeated measures Analysis of Variance test (ANOVA) (Argyrous 2005) was 
conducted to test whether filter model had a significant effect on penetration of DPM through 
the filter media. The mean penetration for each of the filter models in Study 1 and 2 is shown in 
Figure 5. The effect of filter model on measured penetration was significant in Study 1 (EC: F 
(2,67) = 9.27, p  <  0.001; TC F (2,67) = 5.56, p  <  0.001; TSP F (2,74) = 18.93, p  <  0.001). 
For Study 2, the effect of filter model when measured by TSP was significant (F (2,12) = 17.06, 
p  =  0.001) however the effect was not significant for EC and TC (p = 0.505 and 0.457). 
 
Similarly, a one-way repeated measures ANOVA was conducted to determine whether exposure 
time had a significant effect on penetration of DPM. Results were compared for samples 
collected for 0-30 minutes, 30-60 minutes and the summed values from 0-60 minutes, for 
penetration by EC, TC and TSP. In both Study 1 and 2, mean penetration results were not 
significantly different between the exposure periods (p > 0.05), except for the 1320V filter 
penetration by EC in Study 1 (F (2,27) = 4.74, p = 0.019). 
 
Penetration by TSP for the 9923V and 1320V filters was evaluated to determine the time at 
which penetration exceeded 6% during Study 1. This was not conducted for the SR510 filter as 
measured TSP penetration was negligible. Pre and post filter TSP concentrations were recorded 
every 3 minutes until penetration breached 6%, which occurred between 33 and 36 minutes for 
the 9923V filter. For the 1320V filter, TSP penetration did not breach 6%. Current Standards 
Australia test protocols do not specify an exposure time for filters over which testing should 
occur, which may be another limitation of the Standards methodology. 
 
There were significant variations between the two studies which should be considered when 
comparing the results. These include: 
• Study 1 used fuel from a local service station whilst Study 2 required a greater volume of 
fuel and hence reliance was placed on a tanker delivery, for which the fuel supplier could 
not be specified. 
• The load on the engines varied. In Study 1 a full load was placed on the diesel generator to 
enable a high concentration of EC in the chamber and hence ensure that EC could be 
measured post the respirator filter. The intent was to also operate the diesel engine in Study 
2 at 100% load, however this was not within the operating parameters of the engine, hence 
Study 2 was conducted at 25% load. 
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• The EC levels in the experimental chamber were higher in Study 2 (M = 5.0mg/m3, SD = 
2.3, n = 52) than in Study 1 (M = 1.3mg/m3, SD = 0.4, n = 73). This variation was shown to 
be significant (F (1,122) = 172.71, p < 0.001) and occurred due to an issue with the 
measured TSP settings on which the expected EC concentration was set for Study 2. 
However the results remained within the Guidance for General Excursions above the 
Occupational Exposure Standard and as such are still valid (SafeWork Australia 2012). 
 
Variation between Study 1 and Study 2 for penetration through the respirator filter at 95L/min 
was compared by one-way ANOVA. This showed that for all filters combined, as well as each 
individual filter model, results were significantly different for EC and TSP penetration (p < 
0.05). The TC penetration results were also significantly different for the 1320V and SR510 
filters, but were not for all filter models combined nor the 9923V filter. This variation in results 
raises new hypotheses to be investigated in future work, for example, it is proposed that the 
smaller generator produces more organic vapor emissions, which might interfere with the 
electret properties of the 9923V filter in particular, leading to charge degradation of the filter 
and hence less effective particle capture. 
 
Filter media vary in design properties, using different mechanisms of particle capture. The three 
filter models used in the study differ with the 9923V being an electret type filter, the 1320V a 
combination of mechanical and electret properties and the SR510 relying on mechanical 
mechanisms of filter capture. Interestingly with the differing results between Study 1 and Study 
2 it could be inferred that the change in experimental conditions between the two studies had a 
significant influence on penetration for the filter models tested. This may be due to the different 
characteristics of the DPM generated from the two diesel sources, such as particle size 
distribution.  
 
The significantly different (p < 0.001) EC/TC ratio for the engine used in Study 1 (EC/TC = 
0.27) when compared to Study 2 (EC/TC = 0.63) may also explain some of the variability in 
results between the two studies. An EC/TC ratio of approximately 0.78 was reported for nine 
coal mines in Australia (Noll et al. 2014), which is comparable with the EC/TC ratio measured 
for the engine used in Study 2. A lower EC/TC ratio, consistent with the EC/TC ratio for the 
engine used in Study 1, was interpolated from data for other mining equipment in Australia 
(Rogers 2005), the lower EC/TC ratio may also indicate over fueling of the engine. It is 
therefore suggested that the variability in results obtained for the study is consistent with 
variability which would be seen in the variety of industries and workplaces that may require 
workers to utilize respiratory protection. 
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CONCLUSIONS 
 
In summary, this study used a methodology which relied on challenging the respirator filters 
with DPM, the target contaminant, rather than the standard challenge aerosol of NaCl.  The 
study found that filtering efficiency requirements for P2 filters may not be met when penetration 
of EC through Standards Australia approved respirator filters is measured over a time period 
representative of typical workplace use.   
 
The study has ecological value in that it represents two discrete sources within the range of 
exposures in occupational settings in Australia. However, due to constraints with the study 
design, it was not possible to keep all parameters between the two sources constant to enable a 
direct comparison of the sampling results between the two diesel sources. These variations 
included operating load and fuel source. It is therefore difficult to accurately quantify the factors 
contributing to the variations between the measured EC penetrations for the respirator filters. 
 
Factors which may have contributed to variations between the study results include the charge 
level of the filter and particle size of the diesel emissions. Measurement of EC by NIOSH 5040 
is a mass based method, however as the particle size reduces, the mass on the filter decreases; 
even though an increased number of particles may be present in the emissions (Maricq 2007). 
Given concerns regarding potential health impacts of nanoparticle sized DPM, it is therefore 
important to consider in future studies what size particles are penetrating through the respirator 
filter and compare the measured penetration of EC using NIOSH 5040, with the measured 
penetration at the Most Penetrating Particle Size. 
 
This new research will inform Standards Australia and International Standards Committees, 
with respect to setting the standards for the selection and evaluation of DPM respiratory 
protection equipment, so as to better manage the health risk for personnel exposed to this 
workplace carcinogen. It also raises an interesting hypothesis – that certain types of respiratory 
protection selected using AS/NZS criteria might not adequately protect workers from diesel 
particulate matter exposure. Australian Standards have recently adopted an International 
Standards Organisation (ISO) standard for testing particle filter penetration, which recommends 
the appropriate challenge aerosol of  NaCl or paraffin oil be used to test filter penetration (ISO 
2012; Standards Australia Limited 2015). The intention of Standards Australia is to replace the 
current Australian standard with the updated ISO standards when the full suite of these 
standards related to test methods and requirements for respiratory protective devices are 
published and adopted (Standards Australia Limited 2015). 
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Further work is required to validate the research outcomes and investigate the underpinning 
variables that may account for this difference. Additionally, future work should determine 
penetration at the Most Penetrating Particle Size (MPPS) of DPM for each of the filters, to 
investigate whether MPPS is accurately represented in current test protocols. As the recently 
updated Australian Standard references Paraffin Oil as an alternative challenge aerosol 
(Standards Australia Limited 2015), filter penetration results between DPM and Paraffin Oil 
should be compared to determine whether Paraffin Oil is a suitable surrogate agent to represent 
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